Abstract. Deep-drogued drifters are in use to measure the near-surface geostrophic currents. An attempt is made to study the slippage of these drifters due to wind and Ekman currents. The results are based on a data set from the unstratified North Sea obtained in winter 1991-1992, where the currents were decomposed into Ekman currents and barotropic currents. The influence of these Ekman currents on the drift performance of drifters drogued below the mixed layer in the barotropic current is determined by using quadratic drag laws. In 90% of all cases (1540 data points) the combined effect of wind drag and Ekman currents on buoy and 100-m tether produces a slippage of less than 2 cm/s. Drifters drogued within the mixed layer show less slippage due to the reduced drag on the tether, but they are primarily designed to measure the actual near-surface currents, which are strongly dependent on the wind conditions. It is concluded that deep-drogued drifters are a reliable device to study weakly baroclinic geostrophic currents.
Introduction
Considerable progress has been made during the last decades in describing and understanding the current system of the upper ocean. Numerical models, Lagrangian drifters, and altimeter data begin to fill the gaps which were left by the classical method of hydrographic surveys and the uncertainties in the reference level. However, in order to describe the actual near-surface current systems by measurements, data sets would be required with much higher spatial and temporal resolution than is presently available. In the North Atlantic north of the Subtropics, for example, most major currents are associated with thermohaline fronts. Their width is typically of O(100 km). Eddies have similar scales, decreasing toward higher latitudes [Krauss et al., 1990b; Stammer and B6ning, 1992] .
The existing data sets are far from being able to describe these scales:
1. Hydrographic sections, especially at high latitudes, do not sufficiently resolve the eddy scale and are generally separated from one another by hundreds of kilometers.
2. Altimeter data of sea surface displacement do provide high resolution along tracks but provide no information between the tracks.
Lagrangian drifters, even if used in large numbers, do not provide homogeneous coverage of an area in space and
time.
Only eddy-resolving numerical models are potentially able to produce a complete ocean state. These models, however, still have many deficiencies, especially at high latitudes. However, with increasing horizontal resolution the results from models, altimeters, and drifters begin to merge [Beckmann et al., 1994] .
One of the weakest points in these models at present is the description of the mixed surface layer. Most models include simple Ekman dynamics with an arbitrary eddy viscosity. Experiments in the stratified subtropical ocean [Price et al., 1986 [Price et al., , 1987 have shown that even a rather small stratification due to the upper ocean's diurnal cycle can strongly reduce the depth Copyright 1996 by the American Geophysical Union.
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0148-0227/96/95 J C-02686505.00 of the Ekman layer and can thus lead to surface-trapped current profiles. These currents in a stratified surface layer are entirely different from those in homogeneous water [Krauss, 1993] . The rather simple dynamics of the Ekman layer in ocean models makes it difficult to compare or combine model currents with observed ones near the surface. Contrary to that below the mixed layer, geostrophy is the dominant balance in all permanent ocean currents, transient eddies, and meanders. Therefore comparison of model results with observations or assimilation of data into the models requires data which are representative for geostrophic flow fields. In this article we shall discuss whether deep-drogued, satellite-tracked buoys give reliable information about these fields.
Most drifters have been deployed with drogues at less than 30-m depth in the mixed layer. Depending on area and time, their drift results from the superposition of quasi-geostrophic and Ekman currents. McNally [1981] has shown for the northeastern North Pacific that monthly averaged drifter vectors in the mixed layer followed the monthly mean isobars of the air pressure field. In the area 40ø-45øN, 130ø-150øW, for example, the flow in February 1977 was toward northeast, whereas in the following month the flow was toward southeast owing to a different air pressure pattern. The effectiveness of the drogues in this case has been questioned [Davis, 1991] , but also Emery et al. [1985] , on the basis of mixed layer drifters, obtained a high correlation between mean monthly drift directions and geostrophic wind direction but no correlation between mean monthly drift direction and geostrophic currents derived from monthly mean dynamic heights (0/200 dbar). The strong influence of Ekman currents on mixed layer drifters can also be seen in the tropical Pacific, where the buoys systematically drift away from the equator [Hansen and Paul, 1987] 
Here p is the density of the surrounding fluid; A is the cross area, which is exposed to the flow; v is the relative velocity; and c is a drag coefficient. These forces are (1) wind drag on the buoy above sea level, (2) current drag on the submerged part of the buoy, (3) drag of currents on the tether between sea surface and drogue, and (4) drag on the drogue, if the drogue does not move exactly with the speed of the surrounding water owing to forces 1-3. The main balance of forces is generally between force 2 and 4; in order to minimize the slippage the ratio K•/Kr) has to be small. In the subsequent sections we try to estimate how deepdrogued drifters are influenced by the Ekman layer. As was outlined above, drifters in the mixed layer are driven by both the geostrophic currents and the time-variable Ekman currents. In middle and high latitudes, these two contributions cannot be separated in a stratified ocean, where eddies play a dominant role. In order to assess the quality of drifters drogued below the mixed layer we compute the influence of Ekman currents on the system, assuming that the quadratic law holds. The analysis is based on a data set which has been obtained in winter 1991-1992 in the central North Sea. During this time this area is homogeneous, allowing only Ekman currents and barotropic currents. The separation of both for a 4-week period was described in detail by Krauss [1993] . We now use the remaining 2 months of these data to evaluate the drift behavior of deep-drogued drifters. We believe that the results can be applied to the deep ocean in the northern North Atlantic at least during winter conditions, because the upper layer in the North Atlantic during winter is homogeneous as in the North Sea, and the baroclinic currents in the upper 100 m vary little with depth because the first baroclinic mode generally dominates the vertical current structure.
The outline of this paper is as follows. In section 2 we describe the data set and the decomposition of the drift velocities into barotropic and Ekman components. The influence of Ekman currents on deep-drogued drifters is computed in section 3. Similarly, in section 4 we compute the slippage of drifters drogued in the mixed layer. In both cases, quadratic laws are assumed to hold. In section 5 we conclude that deepdrogued drifters are a reliable device to study geostrophic currents, which are approximately depth independent within the upper 100 m. 
Data Set and Analysis
where PL is density of air, c BA is drag coefficient of the buoy in air, AaA is the cross area of the buoy in air, W is wind velocity, and % is wind stress. In this way we avoid the problem of reducing winds from 10 m height to winds directly at the sea surface. A aA % is the force exerted by the wind stress on the buoy. The factor 1/2 has been chosen to take account for the frequent submergence of the buoy. As (14) is small compared with the remaining terms on the right-hand side of (13), this factor plays no essential role. The nonlinear equation (13) 
Performance of Deep-Drogued Drifters
In the ideal case the drifter system should move with the barotropic current %, which is the true current in drogue depth. However, if buoy and tether line give rise to a net drag force, the drogue must supply an equal and opposite force; that is, it does not follow the true current % but moves with a system velocity ¾syst' The difference, % -¾syst, is the velocity of The advantage of a better performance of the mixed layer drifter is more than compensated by the fact that the measured current is a mixture of Ekman current and barotropic current. influences the vertical distribution of the Ekman currents, it seems hopeless to carry out such a separation. It would require decomposing the solid line in Figure 14 into the dashed and dotted ones. As both the barotropic and the Ekman currents are highly variable in time, as is shown in Figure 7 , the averaged total current for the layer 10-20 m shows a relation neither to the barotropic nor to the Ekman currents. This is shown in Figure 15 by scatter diagrams. On the basis of these results the question may be raised whether the usage of a standard drogue depth on oceanwide drift experiments is adequate. Generally, mixed layer drifter observations are intended to address scientific questions different from those addressed by deep-drogued drifters. In the latter case the drifters are aimed to show as little influence from wind-produced surface currents as possible. The 100-m drogue depth is a compromise between eliminating the action of direct drift currents on the drogue and minimizing the drag on the tether. Whether this aim is reached in some areas during winter conditions remains an open question. The better performance of mixed layer drifter regarding slippage is surely an advantage if the near-surface current field is to be studied. These drifters provide valuable data needed to validate models of the mixed layer and the response of the surface layers to variable atmospheric conditions. However, to obtain insight into the geostrophic current field, the slightly larger slippage of deep-drogued drifters can be tolerated. 
Conclusions
Satellite-tracked drifters provide the only direct method for investigating the currents in the upper ocean on all scales. However, their calibration is a very difficult task. Direct measurements of slippage have been performed only under light winds and may not be representative for middle and high latitudes under typical winter conditions. Under light winds the quadratic drag law has proven to be a good approximation of the forces acting on the system [Geyer, 1989] . Forces due to wave action in heavy sea are generally unknown. It also remains unknown whether mixed layer drifters are influenced more strongly under these conditions because of the direct exposure of their drogue to the wave action. This may result in a complicated shape of the tether and in different buoy-drogue dynamics. The main deficiency at present is the lack of instrumented test data for verifying the estimated errors. However, one has to bear in mind that most instruments fail close to the sea surface in fully developed wind-driven seas at high wind velocities.
On the basis of a data set from the North Sea, in which Ekman currents and barotropic currents have been separated, the influence of the Ekman currents on decp-drogued drifters has been studied. During a 2-month period in winter 1991-1992 all wind velocities, typical for middle and high latitudes, 
